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EVIDENCE FOR RAPID MOTION OF THE OUTER
BOUNDARY OF THE MAGNETOSPHERE*

%

_ • ANDREI KONRADI AND RICHARD L. KAUFMANNt
A suddenincreaseof theparticle intensityand of themagneticfieldstrengthon September25,

_¢_ 1961at 17:31U.T. was detected by the ion-electrondetector and the magnetometeron boardExplorerXII outsidetheearth'smagnetosphere. Fromthe physicalextent of the regionand the

__ energy of the trappedprotons the temporalnature of the event was established. Similarities

betweenparticlefluxesaswellas betweenmagneticfieldsduringthe increaseandwithinthe outer
beltmakeit probablethat the increaserepresentsan impulse-likeextensionof at least a portionof
the outer belt. A deducedlowerlimit on the outwardradialvelocity of the extensionis 156
kin/see. Crudecalculationsshowthat eitherthe protondensity near the outeredge is lessthan
100 cm-_ or the temperatureis greaterthan 15 ev.

INTRODUCTION field. Several typical transitions are shown in

The Explorer XII satellite was well suited for Figures la and lb. As can be seen from Figure la,
the study of the outer boundary of the trapping ouTEsE_EOFT.CEA,r,'S,A_TOS_,E

region. With an apogee of over 13 R, (earth's v T
radii) it usually penetrated the boundary on the _-, 900 93o ,000 ,0so

[ 2,,196, -9"< x m<-13"PA$$ 4B ,,NOOUNO, ]sunward side t_ice during each orbit. The posi- _; A_.us.r
t:.on of the boundary ranged from about 8 R, to

value of somewhere about 10 R, (Cahill and ,o"
Amazeen, 1963). _

,dot
Data from the ion-electron detector flown by

UT

Davis and Williamson and from the magnetometer . 233o 23oo 223o 22oo
flown by Cahill on board Explorer XII has yielded _ ,o' AUGUST2_._9_ pass_AiouTso_o_

more than 100 transitions of the outer boundary. _ Io"[ -27"<_,.<-__" _For our purposes a transition shaU be defined to !_ [

occur when on an inbound pass the output current ,o"
of the photomultiplier, measured in the mode
which is most sensitive to the incident energy flux, ,d°L
rises significantly above the dark current (usually uT
at least by an order of magnitude) in a time _ ,o.,r 12or ,2_o ,3ooPAss_s,,.s_J_,
interval of the order of minutes corresponding to a o< ,.,._ ."
radial distance of about one hundred kilometers '(_'[

I_ ELECTRONS (E > 20 KEY)

covered by the satellite. The reverse is of course _o"I!
true for an outbound pass (Davis and Williamson,
1963). Similarly, a transition of the boundary _o __

is indicated by the magnetometer when there is ;_ n _, _o . _ _ 66 s_
usually an abrupt change in either both the .-------_,_r_,¢_ _o, c_,_, o, T._ t_..OOO_.)
magnitude and direction of the magnetic field, or

Fmuu la.--Three samplesof ExplorerXII tran_ition_of
just a change in the direction of the magnetic the outerboundaryof the trappingregionas ,een by the

ion-electrondetector. The 8th dynode current hi a
*Pub_flled It_ Ooda_ 81_e_ FI/CM Cmt¢_ Decu_l X-811--_4-#97.

O_ _se4. measureof the electronintemdtyfor eleetron_with 20
tUnivetsit¥ of New Hamp, thire, Durham. New llamlmhire, kev < E < 1 Mev.

018
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FIELDS AND PARTICLES 619

u.,.--- In the analysis of the data thus far, one case9:00 $_]10 IO:OO I0:_0

]llOl._, - - : I I wm,uou,T,,. ,,,' was found in which a combination of magnetic

IIlO I'- A i __ _
,,oF v, ol_,/v--'W"--"---_- - field data and particle data can re_ ve this

a ,o_- _ _ question.
I00 [o_ s so_.f-,_" _ The present paper shall be ancerned with ao_ sudden increase of the particle flux on September

,L,---U.T,

2,_oo ,:._:o ,_oo .,::o ,,.oo 25, 1961 at 17"_1 U.T. at a radial distance of
1110 [ v "'¢ _ '

* ,,_,u6u_, I,.-i;*_._ 'J_" 77,465 km as seen by the ion-electron detector and
a,:°_F _- -_-_-'-"---^_-_- - changes in the magnetic field as *.¢en by the

,oot- _ magnetometer on board Explorer XII.:L
s ._ _ INSTRUMENTATION

U.T.
II_qO 12.00 IZ:_O I_l.O0

,o, .... A brief review of some of the featares of the
" "_*_" ion-electron detector pertinent to the following

a ':!E ,oop .... "---_ discussion will be given here. A detailed de-scription of the apparatus will be published else-

s s:_ L_ _'_'_''" where (Davis and Wi:lian_son, to be published).
,-_---¢_ ;t ;, 7'o ,,' h _, & & _, The detector is a scintillation counter consisting

---o,STA.cEF.O. _E.TtROFT.[ E-.T.(,O00h.,: of a photomultiplier tube on the f_ce of which is
deposited a b mg/rm 2 thick layer of crystalline

Fmvaz lb.--Magnetiefielddirectiormandintevyityforthe ZnS covered by a 1000 A° thick ._yer of AI.
same transitionsaa in Figure la. The _trength is It has a geometric factor of 5.4X10 -s cm2 _ter.
meamuredin gammas and the directionsare given m
the latellite centered sphe_cal coordinatesa and _. A collimator allows particles to enter irom a

viewing cone with a half angle of 11°.
at times the satellite passes through regions of A wheel driven by a stepping motor introduces
enhanced particle intensity which are separated varying thicknesses of Ni absorber between the
from the boundary by stretches where the particle collimator and the phosphor, three positions on
intensity falls below the threshold of detectability, the wheel carry Au discs which scatter the incident
Unfortunately, in most case_ it is impossible to flux entering through an alternate collimator _nto
separate temporal and spatia! phenomena on the the phosphor.
basis of only particle data. One could argue There are three modes of operation:
equally well that the intensity represent actually 1. Pulse output from the anode measures protons
a part of the outer belt that for some mason is between the energies of 100 key and 5 Mev.
separated from the rest of the belt by particle free 2. 8th d,_ede current me_ures the total incident
regions, or that they represent an expansion and energy flux from both protons and electrons.
contraction of the trapping region in such a way 3. Electrons can be selected preferentially by
that the satellite cres_ the boundary several scattering an incident beam of both protons

timcs during one orbit. Figure lb shows the and electrons from an Au disc. IL this mode
_tude and direction of the magnetic field of operation the 8th dynode current measures
during the same transitions. The directions of the total incidcnt energy flux due to electrons
the magnetic field _re _ven in satellite centered alone.
spherical coordinates (Cahill and Amueen 1963). In all three modes of operation the lo_er energy
It should be noted that in analogy to particle cutoff can be raised by introducing varying thick-
intensitie_ during the transition of the boundary nesses of Ni absorber.
the magnetic field sometimes shows tl._ same Throughout the following discussion we shall
direction and magnitude in regions separated from make the assumption that for different absorbers
the magnetosphere as were otzerved in the trap- we are measuring the in*_al proton flux above
ping region. Using magnetic field data alone one some energy for which the detect.,r efficiency is 60
again cannot distinguish between temporal and percent. The situation is more complicated for
spatial phenomena, electrons because of the shape of the mmsitivi_y
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curves and the necessity to use approximation r- "-- . 20'llO 2000 Ii +I,O IR OO Ill 30 IROO IT _ ITOO

methods to obtain electron spectrums. [io s p X-PROTONS WITH [ >140 KEY
jm_ % rim • PROTONll WITH IE _" ZOO K(V

The magnetic field data was obtained from the . ,s • .,n:.,+
magnetometer flown by I. J. Cahill of the Uni- " " :', " •,o_ ""_'_ ; 4.'.... ..o,.o .............. .
versity of New Hampshire and its operation had \
been described earlier (Cahill and Amazeen, 1963). _ ,o-. .,:,,.,+..:,'R+.

ANALYSIS [ ,o-,o R.,o..,
I0-II _OARK CURRllRT L[V[I._

The inbound pass of September 25, 1961 had a ,_ -'ll-', _, :. ,; ,'o ;, ,'_ ;, /, ;ll ;, ¢, ,. ,o
geomagnetic latitude of less than 5° for radial _- ..o,.L 0,ST..cEC,oooK.)
distances of more than 40,000 km. Figure 2 _ ..... OO"+,_ ,.OO ,,_ ,,_,

J i i i 1 • II i t

shows intensities of low energy protons and the _ i_.-_+ _l_l_value of the photomultiplier 8th dynode current _.
obtained with 5_ inch Ni absorber when the _+
detector was looking at particles with local pitch _
angles of around 90°. Also shown are the inten- .o

sity and airection of the magnetic field in the ,.o ,1_ _U ',
satellite coordinate system. ,+o i

The electrometer data represents instantaneous i "_t

*!Ivalues of the 8th dynode current sampled at _-
intervals of 83 seconds. To gain some physical
idea of the electron intensities involved, a crude -

analysis shows that at 19:45 U.T. the differential _
electron spectrum could be approximated by a
curve of the form ]i'-_ where E is the electron
energy and _¢:3.7. The integral intensity of _ ,oI-
electrons forE>20kevis4×10 eelectrons (cm 2 o,_.._,.. _,,_ _ ,_ ,_ , _ ,, ,, _ ,,

RADIAL DISTANCI[ (IO00KM)

sec ster)-L This number is accurate to better
than a factor of 2. FIGURE2.--Inbound pass of September25, 1961. The

The plot of the proton data was made for par- upper two curves represcnt the unidirectional protonintensity forparticleswith 90° localpitch angleand the
ticles with energies E > 140 kev and E > 200 key. $th dynode current corresponding to electrons with
The proton intensities are obtained from data E > 20key and90° pitchanglerespectively. The lower
accumulated over a time period of 0.3 seconds, three curves show the strength and directionsof the
During that time the satellite turns about its magneticfield. Anglesa and_ were previouslydefined
axis through an angle of about 58°. Thus the 90° by Cahill and Amazeen (1963). The left side is atypical responsefor the trappingregion (Region I).
pitch angle intensity is an average value covering The rightside (RegionII) shows the usual responseof
also other than locally mirroring particles, the detectorsoutsidethe magnetosphere. For pro:oils

The magnetometer data corresponds to an aver- the thresholdof sensitivityis the countrate correspond-
age of ten successive telemetry samples taken at ing to an omnidirectionalflux of penetrating particles.

intervals of 50 kin. The field strength is ex- RegionIII is the suddenincreasein particleand mag-
netic field intensity whichis the subjectof the present

pressed in gammas, and the direction is indicated study.
in spherical satellite centered coordinates men-
tioned earlier, ground. Region III shows a sudden increase in

The g, aph in Figure 2 is divided into three the electron and proton intensity at 17:31 U.T.
parts: Region I represents the proton and current which lasted for about one minute.
intensities in the outer belt. Region II is char- Similarly the magnetic field in Region I is the
acteristic of the space outside the trapping region, rather constant field encountered in the outer belt.
In this case the current output of the detector Region II is typical of the field outside the bound-
consists only of the dark current and the pulse ary of the magnetosphere. The field is rather
output merges into the omnidirectional back- disorganiled and shows many changes in direction.
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The dashed line indicates the magnetic field in Jo.
Region III. During the transition of Region III
the magnetic field agreed in magnitude and in
direction with the field observed in Region I.
Before and after the sudden increase the magnetic a. _ T
field had an average value of 25 gamma. During u_ ""
the transition of Region III the field rose to 61 z 4.
gamma. Aside from this single increase there is _ PROTONS

nothing unusual happening in the behavior of the _u. 3- I
field outside the magnetospheric boundary. It o 2-
should be emphasized that in this context the

I-
word "region" is used only with reference to the tu I aACKG_OUNO
graph and does not necessarily imply any physical _
structure in space. The increase is real and not a- _ --LU _0 20 aO 4O _O 60 70 SO 90
due to faulty data processi.ng because it appears >'_ LOCAL PITCHANGLE (DEGREES)
on two completely independent data tapes ac-

Fmuas 4._Pitch angle distribution of protons with

: quired at Fort Myers, Florida and at South E>200kev. The data points were lumped together into
Point, Hawaii. This increase in particle and field three groups each contaiping 15 points. The vertical
intensity will from now on be referred to as bars represent Poisson deviations. The background

Region III. count obtained with a thick plug in front of the detector
aperture is given below.

While the satellite was in Region III it was

possible to obtain 15 data points for protons with angle distributions for these two cutoff energies.
E > 140 kev and 45 data points for protons with In both cases the pitch angles were assigned from
E >200 kev. Figures 3 and 4 present the pitch the knowledge of the direction of the magnetic

field as seen by the magnetometer. The vertical
' ' ' ' ' ' ' ' ' bars represent Poisson standard deviations only.

eo T The uncertainty due to the digitization of the

,., : ___ analog data tapes is about half as large again. In.u ro Figure 3 the horizontal bars represent the rangesa.
of pitch angles which were scanned during the
accumulation period. The pitch angle assigned

a: ao to each point is the value seen at the center of the

accumulation period. The points represented by
q) 4C
z _ crosses actually have pitch angles which are sup-

o a0 I _Ltn plements of the indicated pi_ch angles. Figure 4

is a similar diagram. In this case the number of
2o counts per data point was small so that data

U. t t

o tQ points were lumped together into three groups
O : _ , : _ each containing 15 points. The bars again rep-° I*

z o _==_ :, : resent Poisson standard deviations. For contrast
i i I I I I i i |

m 2o 30 40 50 so 70 8o _o the omnidirectional background count obtained
with a thick plug in front of the detector is

LOCALPITCHANGLE(DEGREES) plotted below.

Fmua_ &--Pitch angle distribution of protons with The shape of the pitch angle distributions is
E>140 key found in Region III. The vertical bars quite similar to those obtaived for trapped parti-
representPoissonstandarddeviations. The uncertain- cles within the magnetosphere in that the maxi-
ties due to the digiti_-ationof the analogdata areabout mum intensity is found at 90° local pitch angle
half as largeagain. The horizontalbars representthe
rangeof anglesover whichthe sampleswere collected. (Davis and Williamson, 1963). By contrast, solar
The assigned p.a. correspondsto the center of the protons during a sudden commencement have
accumulationperiod, been observed to have maximum intensities in
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...... ; ' ' ' ' ' directions other than 90° to the field lines (Hoff-
,o man, et. at., 1962).

70 Figure 5 shows the magnetic field intensity and
directions during the transition of Region III..o t t t tt

" t t { { t t The vertical bars represent standard deviationsz 50 of the mean of 16 data points each. The scatter
hi

_ 40 _ in the original data is mostly due to the digitiza-
a _ tion of the magnetometer analog output voltage.
-J 30 _ _ The standard deviations increase as the fieldw

u. 20 t | _ decreases in magnitude, a is the angle between
th_ spin axis of the satellite and the magnetic

t0

I [ I field. _bis the angle between the spin-field planeI I I I I I I I I I ;

3o 4o _ o :o 2o 3o 40 _o o ,o 20 and the spin-sun plane. They are identical to
iT:3o I 17:31 I _7:32 those defined earlier by Cahill and Amazeen (1963).

UNIVERSALTIME Eefore and after the transition of Region III the

magnitude of the field was about 25 gamma.
, , , , , , , , , ' , ' During the transition the magnitude rose to 60

,co gamma. There was no drastic change in either
laJ

aor_.
(.9 160

"'a Assuming for the moment that Region III is
,4o | stationary an estimate of its maximum width can

" l I ! I
- ,zo I l ' _! '! 1! tt _ be made by finding the time when the particlet9 tz ,oo l I _ flux was zero on the step corresponding to the

a _ _ lowest energy cutoff just before and after the•J 00
_w transition of Region III and multiplying it by the
tl.

, 6o velocity of the satellite. This gives the region a
z_ maximum width of 200 km. A more precisea. 40

I , value obtained from the magnetometer data is 83I I I I I
l l l I llo 20 30 40 50 () IO 203o 4o ,o o km corresponding to a width of 56 km in the

,7:3o I ,7:31 I 17:32 radial direction irom the center of the earth. It
UNIVERSAL TIME

should be pointed out that tl. "angle between the

, , , , , , .... , -r- direction of the magnetic field and the velocity
vector of the satellite is about 60°. This means

,eo Il t that the angle between the velocity vector and the

,,o plane of gyration of protons with 90° pitch angle
.o is 30°. Therefore, the width of Region III in the

" I plane containing protons with 90° pitch angles
_I ,2o I _ must be close to that of Region III as measured
-_ ,oo _ ! | _ t t t t ! t * along the velocity ve.:tor.

so Table 1 shows the cyclotron radii of protons
z with several energies corresponding to the mag-_I 60

netie field encountered within Region III. It
,o is clea. irom the Table that no 200 kev or 140 kev

I I ! , I, , , I , ' 4'o 5o o ,o 2o protons with pitch angles close to 90° could be$0 40 5O 0 10 10 3O

.,:3o I ,__, ! ,__ trapped within a stationary Region III where the
UNIVERSAL TIME magnetic field strength is about 60 gamma. The

_,fliciency of the detector for 310 ev protons is
Ftoua_.5.--Intensity and directionsof the magneticfield

in Region III. The vertical bars represent_tandard zero. Thus the conclusion must be drawn that
deviatiom of the mean of 16 data points each. The Region III is a temporal rather than a spatial
angle_a and _ are identicalto thosedefinedby Cahill. phenomenon.
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TABLE1.mCyclotron Radii of Protons Beard and Jenkins, 1962; Davis and Beard, 1962;
Mead and Beard, 1964; Spreiter and Briggs, 1962;

Magnetic field _trength H=60 gamma Spreiter and Alksne, 1962; Spreiter and Hyett,
1963). Assuming that this holds true the direc-
tion of the magnetic field was calculated just

Proton energy Cyclotronradius within the boundary _ the magnetosphere at
!1 +4 ° geomagnetic latitude and at 10:24 hours

I 200key 1075km local time.

140kev 899 km The results of the field calculations and observa-

310 key 42km tions are given in Table 3.

For comparison the satellite and sun positions
were also included.. A diagram of the results is

The origin of Region III can only be conjectured, given in Figure 6, where a polar projection is used

In what follows we shall try to produce convincing to represent the field directions. To make pos-
evidence that Region III represents a temporal sible the comparison between magnetic fields as
extension of the outer belt. observed in different regions we re-define the zero

Comparison between Region I and Region III mag-etic meridian to lie in the plane formed by
shows that the intensities of both the 8th dynode the earth's magnetic polar axis and the radius
current and of the protons are comparable in vector ofthesatelliteposition. In this coordinate
several places for particles with 90° pitch angle.
The order of magnitude fluctuations of the proton
flux and the somewhat smaller fluctuations of the

8th dynode current make it difficult to perform

any more detailed analysis. Magnetometer data, _ Io" _2/o.

however, provide a more quantitative comparison, x

For reasons of clarity, we shall transform the 40" °"¢b -*_r/
angles a and _b into the geomagnetic coordinate
system. "60" "eo"/

To make a comparison with the directions of the

geomagnetic field within the radiation belt, the = ___80 ° MAGNETICNORTHf_]T]" -g{:f_
direction of the field was obtained from experi- ___._____o ,oLd__
mental data at three points shown in Table 2. | AI

Region Ia occurs just after the recovery of the _,oo" Xm"_ m _ (_) b -,o¢_
telemetry within the belt. Region Ib was selected CALCULA_OI Io

to have the same increment of distance as exists /,zo" [ -,2o'..
between III and Ia.

iARTHSeveral theoretical models indicate that in the ,4o" L "'40x"absence of a ring current and close to the equa- /
torial plane the boundary of the magnetosphere leo" I_" -,_o"
is almost r_ircular in the meridian plane on the day I
side of the earth. (Beard, 1960; Beard, 1962; ,_tn-GEOMAGNETIC LATITUDEOFFIELD

TABLE 2 _b- GEOMAGNETIC LONGITUDE OF FIELD MINUS
GEOMAGNETIC LONGITUDE OF SATELLITE

Time (U.T.) Region Radial distance (earth radii)

FmuaE &--Polar plot showingthe directionsof the mag-
neticfieldin RegionsIs, Ib, and III. Alsoshownis the

17:31 III 72.135 direction of the magnetic field as calculated under
!9:42 Ia 10.877 assumptiondescribedin the text. The azimuthalvari-
21:12 Ib 9.618 ableis thedifferencebetweenthegeomagneticlongitudes

of the fieldand of the satellite.
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TABL_ 3.--Directions of the Magnetic Field

Field Geomagnetic
Coord.

Region Time Field(7) _ (deg.) a (deg.) .

Lat. Long.

i (deg.) (deg.) (deg.)

III calc ......... 17:31 .............. 113.45 126.4 86.06 139.81 180.00
III obs .......... 17:31 61.1+0.8 105.0+1.0 122.4+0.8 83.92 -115.50 - 75.69
Iaobs ........... 19:41 71.5+0.7 116.3+0.7 120.4+0.6 81.11 179.82 -112.53
Ibobs ........... 21:12 73.5+1.1 119.5+0.9 118.2+0.9 79.92 116.54 -107.12

Positions of the Sun and Satellite

Satellite Geom. Coord. Sun Geom. Coord.

Region Time

Lat. (deg.) Long. (deg.) Lat. (deg.) Long. (deg.)

III ......... 17:31 3.94 -39.81 10.38 - 16.08
la .......... 19:41 2.61 -67.65 6.82 --48.77
Ib .......... 21:12 1.77 -86.34 2.79 --71.24

i

system the azimuthal variable of the field direc- coefficients and the Mead cavity field. (Jensen
tion, _. is the angle whose magnitude is equal to and Cain, 1962; Mead, 1964). This disagreement
the geomagnetic longitude of the field minus the may be due to slight uncertainties in the calibra-
geomagnetic longitude of the satellite position, tion of the instruments or an error in the assumed

The points represent the directions of the mag- direction of the satellite spin axis, or both. The
netic field as observed in Regions III, Ia, Ib, and problem is currently being investigated.
as calculated in Region III. The circles about The significance of these results is that in spite
the points correspond to standard deviations due of several systematic uncertainties in the absolute
to scatter of the raw data points. The lack of measurement of the magnetic field and other
overlap of the data is evidence for slight temporal effects such as the change in the satellite's geo-
variations of the magnetic field. This was con- magnetic latitude from -t-3.94 ° at 17:31 U.T. to
firmed by taking several adjacent sets of data 1.77° at 21:!2 U.T., and the unknown spatial and
points in both Regions Ia and Ib. The results temporal changes in the direction of the magnetic
show a clustering of points with an average dis- field, the observed field directions in Regions III,
tance between the points of about two degrees. Ia and Ib can be fitted into a cone with a half

The observed directions of the magnetic field angle of 3°.
seem to be out of phase with respect to the satel- This means that the magnetic field in Region III
lite by about -90 ° in the azimuthal direction points almost in the same direction as the field in
rather than the expected 180° if the field is cal- the trapping region and it is, therefore, reasonable
culated ,_nder assumptions stated before, to assume that R_gion III is just a temporary

This difference does not seem significant. Even extension of the trapping region.
at 20,000 and 30,000 kilometers field measure- It is also possible to put a lower limit on the
meats disagree by about 7 degrees of arc with a speed with which the trapping region overtook the
theoretical model based on the Jensen and Cain satellite. The initial rise in the intensity of the
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_' magnetic field occurred at 17:30:52.9 U.T. At moved in that interval at least through 2130 kin.
17:31:04.3 U.T. the detector saw 140 key protons. This puts a lower limit on the radial velocity of

: During the 5.2 sec. counting period the detector recession equal to 75 km/see.
'_ could see protons with 90° pitch angle. They A survey of ground magnetograms was made._,

were coming from directions shown in Figure 7. No identifiable features could be found in the

records from low latitude stations. Large regular
'_ pulsation events were observed in two out of

!

/ approximately twenty high latitude magnetograms

/ which were surveyed. At Point Barrow (geo-
/ ....... _--_ magnetic latitude 68.6°N, geomagnetic longitude

_ _f/ "_ 241.2) the field vector began rotating counter-
clockwise, as seenby an observer looking down at

"J R-8_gkm . _\_/_ theearth, at about 17:31 U.T., or 0700 local time.The peak to peak amplitude was about 150

_ ! /_ ii,/ E'_"K_I\-\ gammas and the period was 4 to 5 minutes. At

• Baker Lake (geomagnetic latitude 73.8°N, geo-

""' ' l magnetic longitude 315.2 °) the peak amplitude

_EXPLORER _rr_ _ s_, was again about 150 gammas and the period was 4/ to 5 minutes, but here the wave had a roughly

__1®., / i linear polarization and began about 17:27 U.T., or
/ , soT 11:00 local time.

EARTH//90"PITCH_ // These ground records suggest that the observed
f /_IGLE

/ rapid expansion and probable compression of the./

...... magnetosphere were associated with the excitation
of a hydromagnetic disturbance in a thin shell of

FmVRF. 7.---Orbits of trapped protons with 90 ° pitch angle the outer magnetosphere. We do not, however,
which were ob_rved in Region III. At the time when believe that the nearly simultaneous observation
the trapped protons wereobserved the boundary of the of one event on the satellite and of an event at
magnetosphere must have been at least at a distance of two out of twenty ground stations can be inter-
1780 km in the radial direction away from the satellite.
The interval between the first observation of the increased preted as conclusive evidence that the two phe-
magnetic field and the observation of 140 key protons nomena are related.
was 11.4 sec. This puts a lower limit on the velocity of
advance of the magnetosphere of 156 km/sec. INTERPRETATIONS

We have argued that at 17:3i U.T. the mat-

Since these protons were trapped their orbit netosphere expanded past Explorer XII at a
could not extend beyond the boundary of the velocity of at least 156 km/sec. Even if the
magnetic field. Thus we are led to the conclusion external pressure dropped to zero, the plasma in
that during the interval of 11.4 seconds between the magnetosphere would not expand at a velocity

the increase ira the field and the appearance of 140 greater than _B]._____ 2c_

I key trapped protons the boundary must have V= -F_

moved through a radial distance of at least 1780 7 -I
km. This puts a lower limit on its radial velocity where n is the number of protons per cm s, c is the
of advanceequal to 156 km/sec. A similar analy- speed of sound, and we will use B equal to 60
sis can be performed in trying to estimate the gammas, m equal to the mass of a proton, and
speed of recession of the magnetosphere. The _ equal to 5/3. The speed of sound in an ideal

f time interval between the instant when 200 key gas is given by
locally mirroring protons were seen and the instant c_= 1,R__T_T

,, when the field strength dropped to about 25
gamma was 29 seconds. To preserve closed orbits _here R is the gas constant and _ is the molecular
of trapped protons, the magnetosphere must have weight of the gas. Using these expressions, the
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expansion velocity is given by where T is the suggest that the region comprises an impulse-like :
extension of the magnetosphere. !

V2ffi1.71 × 106+482 T From knowing the time of the increase and the t
n intensity of the magnetic field as well as the time I

temperature in electron volts and V is in km/sec, when the 140 key trapped protons were detected, I

If the magnetic energy density far exceeds the a lower limit on the outward radial velocity of the I
thermal energy density, the first term will domi- magnetospheric boundary can be determined to be t

nate and an expansion velocity of 156 km/sec 156km/sec. Similarly the lower limit on the in-
implies a number density of less than 70 protons ward radial velocity of the magnetospheric bound-

per cm8. If the magnetic field can be neglected, ary has been determined to be 75 km/sec.
the second term dominates and implies a proton The conclusions that can be drawn from our :
temperature of at least 50 ev. Several other crude calculations are that either the proton

possible combinations are listed in Table 4 where density near the outer edge of the magnetosphere
it can be seen that either the number density must is less than about 100 per cm8or the temperature
be less than about 100 protons per cms or the tem- is greater than about 15 ev.
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We wish to express our appreciation to Dr.
TABLE 4 L.J. Cahill of the University of New Hampshire

i and to Mr. L. R. Davis and Mr. J. M. Williamson

upper limit on n(cm-3) 341 174 117 88 70 of the Goddard Space Flight Center for the use of
lowerlimit on T(cv) _0 40 30 20 10 0 their data from detectors flown on board Explorer

XII. We also would like to thank Dr. CahiU and

After a time interval of 69 seconds a second Mr. Davis for many helpful discussions.

boundary was observed. Several interpretations REFERENCES
are possible. The observations could be caused
by an expansion and subsequent compression of 1. BEARD, D. B., The Interaction of the TerrestrialMagnetic Field with the Solar Corpuscular Radia-
the entire magnetosphere, or a small portion of the tion, J. Geo_h_s.Re_._ 65, 3559-3568, 1960.
magnetosphere; they could be caused by the 2. BEARV, D. B., The Interaction of the Terrestrial
expansion of a small portion of the m_agnetosphere Magnetic Field with the Solar Corpuscular Radia-
which breaks off and continues to move outwards; tion, 2, second-order approximation, J. Geophys.

Res., 67, 477-483, 1962.
they could be caused by a wave propagating in the 3. B_ARD, D. B., and E. B. JV.NKXNS,Correction to the
surface of the magnetosphere. We cannot pres- SecondApproximation Calculationof the Geomag-
ently determine the cause of the observation, netic Field,Solar WindInterface,J. Geophys.Res.,

67, 4895-4896,1962(1).
CONCLUSIONS 4. CAHILL, L. J., and P. G. AMAZESN,The Boundaryof

On September 25, 1961 at 17:31 U.T. Explorer the Geomagnetic Field, J. Geophys. Res., 68, 1835-
1843, 1963.

XII passed through a region of enhanced proton 5. D^ws, L., JR.,and D. B. BEAaD,A Correctionto the
and electron intensity which lasted for 1 minute ApproximateConditionfor Locatingthe Boundary
and extended over an apparent distance of 83 kin. Betweena MagneticField and a Plasma Field,J.
At the same time the on board magnetometer Geophys. Res., 67, 4505-4507, 1962(1).

registered an increase in the magnetic field. 6. DAws, L. R., and J. M. Wmv.i^Msos,Low Energy
Analysis of the data shows that the detected TrappedProtons,SpaceResearch,Proc. Intn'lSpaceSci. Syrup., 3rd, Washington,D.C., 1962, North-

protons were trapped in the magnetir field. At Holland PublishingCo., Amsterdam, 1963.
the same time their cyclotron radii were much 7. Daws, L. R., and J. M. WILLI^MSON,Ion-Electron
larger than the apparent width of the region. Detector,J. Geophys.Res., (to be published).
This fact points out the temporal character of the 8. HOFFMAN, R. A., L. R. DAws, and J. M. WILLIAMSON,Protons of 0.1 to 5 Me*and Electronsof 20 Key at
region. Similarities between the particle inten- 12 EarthRadii During SuddenCommencementon
sities and the strength and directions of the mag- September 30, 1961, J. Geophys. Res., 67, 5001-5005,
netic field in the region and in the outer belt 1962.

1966028656-662



g

%

FIELDS AND PARTICLES 627

_ 9. JENSEN, D. C., and J. C. CAIN, An Interim Geomag- magnetic Field, J. Geophys. Res., 67, 2193-2205,
netic Field (abstract), J. Geophys. Res., 67, 3568-- 1962.
3569, 1962. 13. SPREITER, J. R., and B. R. BRIttGS, Theoretical Deter-

10. M_Av, G. D., The Deformation of the Geomagnetic ruination of the Form of the Boundary of the Solar
Field by the Solar Wind, J. Geophys. Res., 69, Corpuscular Stream Produced by Interaction With
118!-1195, 1964. the Magnetic Dipole Field of the Earth, J. Geophys.

11. MEAV, G. D., and D. B. BEABD, The Shape of the Res., 67, 37-51, 1962.
Geomagnetic Field Solar-Wind Boundary, J. 14. SPREITr_R,J. R., and B. J. Ilvr._r, The Effect of a

_ Oeophys. Res., 69, 1169-1179, 1964. Uniform External Pressure on the Boundary of the
"_. 12. SPREITER, J. R., and A. Y. ALKSNE, On the Effect of a Geomagnetic Field in a Steady Wind, J. Geophys.
4_ Ring Current on the Terminal Shape of the Geo- Res., 68, 1631-1642, 1963.

?
'!

?"

1966028656-663



,v6 / zy
MEASUREMENT OF LOW ENERGY PRIMARY COSMIC

RAY PROTONS ON IMP-1 SATELLITE*

F. B. McDONALD AND G. H. LUDWIG

The first precise determination of the intensity a s =
and energy spectra of primary cosmic ray protons

dE SCINTILLATORin the 15-75 MeV interval has been made with a d-'_

three element energy vs. energy-loss telescope [¢s-t .4SG/C"2T"tCK 1
aboard the IMP-1 (Explorer XVIII) satellite. _ ¢. mA.tTtR] /This spacecraft had an apogee of 193,000 km and

u

only data obtained well beyond the effects of the o
earth's magnetosphere are considered. The meas- /
urements reported here cover the time interval 8 |
December 1963 to 6 May 1964 and are considered 1
to be representative of the period just prior to t SCINTILLATOR

mi., um,i.t . it,i.t,e Ii-range 15-75 MeV was observed to be 19proton/m _- s ¢. 01A.E_tR]_1
sec-ster or approximately 1 percent of the total a.T_-COt.Cmt.Ct--
primary cosmic ray intensity and to exhibit a SCINTILLATOR

steeply falling energy spectrum toward lower FIGUREla.---Schematicdrawing of E vs dE/dx telescope.
energies, decreasing by a factor of 5 over this Particles which stop in the lower scintillator (A) are
interval. One point for helium was obtained in accepted for analysis while those which enter the anti-
the range 65-75 MeV/nuc. coincidencecup (B) are rejected.

The E vs dE/dz telescope (Figure la) provides a

means of studying this low energy component in :..',_,,,the presence of higher energy cosmic rays. _ Be-
cause of the background and low flux in this _,,,
energy interval, significant measurements cannot

be °btained bY ball°°n °r r°cket techniques but _ '__-'_ I

are dependent on satellite measurements. The ,o
principal of operation of the telescope is shown in
Figure 1. For each particle which traverses the
AE counter and stops in the E crystal (as defined ';' _ _ ;o _ _ _o ;,, 40 ,;, ,;o ,;o=, m _,( -A(

by the plastic scintillator anticoincidence cup)

measurements of AE and E--AE are made by 512 FmuRr. lb.--Mass and energy response of EI_(F_,-AE)i
channel pulse height analyzers and transmitted and dE/dx (,_AE)telescope.
over the satellite telemetry systems. As shown

in Figure lb, this provides a measure of mass, ing paper. Saturation effects prevented the alpha
charge and energy resolution for Z = 1, 2 particles, particles data from being extended to lower

The electron data are dmcussed in an accompany- energies. This does not affect the H or e data.
Mass histograms have beer. obtained in the proton

*Pt_bliahed am Goddard 81mee FlioM Cemer Document X-6l I-0_-368,

November1964. region for six energy intervals of about 10 MeV
628
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each by summing the data in 11 channels con- the solar cycle just prior to solar minimum there

: structed parallel to and centered about the prot:m is a sharp decrease is a sharp decrease in both

line of Figure lb. These six energy interval,, for spectra toward lower energies that extends to the

:_ H are shown in Figure 2. The clean resolution of lowest observed energy.

i.. 6.00 -

9-'_ .$ Mt'V ,m-N9 MEV
. > 4.00"

.. :t "

"',,_ ] _" 2.00: IAI

::* t_ _.... o............ 'o'' ' ......... ' 7 0 • Ol:'C. 8, 1963- MAR. 14, 1964

_. j _ 1.00 _ x MAR. 22,1964- MAY 6,1964

.o. .60
X

IdsEo.s

, 4 Z 0 _ 4 -4 "t 0 .| ,4 Z / T

• Im.m. ¢..L mine(, 0 ] _._

1r
Figure 2--Mass histogram for 6 energy intervals in proton O

region. /_' .20

the proton distribution at all energies is striking.

: The background correction (illustrated by the .I0 " i n n i l0I0 20 40 60 I00
• dashed line of Figure 2) has been applied using the

experimental proton distribution obtained from KINETIC ENERGY E (MEV)
the small solar cosmic ray event of 16 March 1964. Fmuns 3a.--Cosmic ray proton energy spectra for two
The rigidity and energy spectra obtained from the different time periods. The dotted line indicates an
mass histogram data of Figure 2 along with the empirical fit to the data of the form 10-hE_.j.

single a point is shown in Figure 3.

To search for long term variations, the data _o
were divided into two intervals cavering the period >
8 December 1963--14 March 1964 and 22 March =, .6o ..-'-'t-._. ½.

, 1964--6 May 1964. Except at the lowest energy _.4o _g _ _b'_ I: point, the data are consistent with a change of less ,_
{J' I

than 10 percent in the proton flux in the 15-75 _ .2o } ,,
I

MeV region between these two periods. The in- , ! t
: creaseon the low energypointmay be due to an _ .02 l

increase in the galactic flux or, most probably, to '_ }!I ::...o;o.,,.,.,,o,c.,.,-., ,.,
l the small solar proton event of 16 March 1964. _o ; _ -,taSU_[,,[.TSWe cannot rule out large short time variations _ | / _OTO,S_

since the long times required to obtain meaningful _, _ "" ? _.Ju,(

statistics preclude the possibility of observing | _ .,_o_o.s _u.[ .s._**_(,_ s)
variations occurring over a shorter time scale, o: • ' , I , , ...... ' • 'I00 2O0 40O _00 I000 30OO

Proton and helium data obtained a'_higher energies R( Mv )
from the balloon data of Balasubrahmanyan and

FXGUR _- 3b.--1MP proton and a rigidity spectra. Shown

McDonald, _ and Fichtel et. al. * are shown for for ¢omparbon is the balloon data of Fiehtei et. al.'
comparison. It is observed that at this period of and _brahmanysn et. al.n.
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The flux of deuterium could not be resolved from differential energy spectrum while djo/dE ;_ the
the background and an upper limit of 8 percent unmodulated or stellar spectrum and w is the
of the proton flux over the corresponding energy particle velocity. Assumption (1) is based on an
interval was placed on its abundance, extrapolation to low energies of observations above

During the last solar minimum an arctic latitude 4 Bey _0. The 2.5 grn/cn 2 of H is implied by the

survey by Meredith, et. al.' using a rocket borne relative abundance of Li, Be, and B in the primary i
single Geiger counter had indicated the cosmic ray beam" and the solar modulation function is a
intensity did not increase strongly at low energies, diffusion model proposed by i_arker z_. In this
The ionization chamber data of Ncher 6at balloon model an equilibrium state is established between
altitude suggested a strong variation in the low diffusion inward through irregular magnetic fields
energy range > 100 MeV anti-correlated with solar and removal by outward convection. The solar
activity, modu!ation effects have been obtained by nor-

The only previous satellite measurements in this realizing at 200 MeV. These calculations are
region were made by Stone 6 in late 1961 on a shown by the dotted curve of Figure 3b. While it
polar orbiting s9tellite. This study was based on can be concluded that either the injection spectra
12 counts in the energy interval 11-125 MeV. are steeper than a simple power' ,.w (as one might
They were consistent with a fiat energy spectrum hypothesize from _olar cosmic ray studies) or that
and served to place an upper limit of about 1 the effects of solar modulation are not as strong
proton/m2-sec-MeV on the proton flux since an at low energies (in agreement with the lack of sig-
active anticoincidcnce device was not used. The nificant long term time variations), the primary
data in Figure 3 show the highest energy point of effect of these admittedly crude assumptions is to
the IMP data reported here is in general agree- show that indeed ?he production of the observed
ment with the lowest e'lergy point obtained in the steep proton energy spectrum is not unexpected on
June 1963 balloon flight by Balasubrahmanyan the basis of other cosmic ray observations. It is
and McDonald _ and Fichtel, a et. al. It is also to be expected that further observations over the
consistent With the upper limit of dJ/dE<.49 period of solar minimum coupled with low energy
protons/m2-sec-MeV obtained on a high latitude measurements of mmtiply charged primaries will
flight of Brunstein in 1962 Tand with the lowest permit more accurate determinations of the source
energy points obtained by Freier and Waddington s spectra and the solar modulation mechanism.
and Ornesand Webber 9from 1963 balloon flights. The authors wish to thank S. Paull, C. A.
Further confirmation of tbe splitting of the nor- Cancro and P. J. Janniche of the Goddard Space
malized low rigidity spectra is also obtained. Flight Center for designing and testing the space-

The proton and alpha spectra as observed in craft electronics for the IMP experiment, and to
interplanetary space result from a superposition A.P. Flanick and D. Clark of Goddard for testing
of three processes_initial acceleration, diffusion and celibrating the detector system. The support
through the galaxy and solar modulation. To of Paul Butler and the IMP project team is
illustrate these processes assume greatefully acknowledged.

(1) Energy spectra at injection are of the form REFERENCES

104 protons/Ma.ster.Bev 1. G. H. Lvvwm and F. B. McDoNALV,Proceedingsof
"(E)ffiw(l+E) 2"_ the Internation_ Symposium on Nuclear Elec-

tro,ties,Paris 195, (1963).
(2) Traversal of 2.5 gm/cm I of hydrogen before 2. V. K. BALASUBRAHMANYANand F. B. McDONALD,

reaching the solar system; and Joun sl of Geop]bysicalResearch 69, 3289, 1964.

(3) The solar modulation is of the form 3. C. E. _ ._cwr_L,D. E. G_Tss,D. A. KNZrrZ_and K.A. N _SL.'_AWrAN,Journalof GeophysicalResearch

dj djo (c_nst) ..,29& 19__/-_-_ exD 4. L. H. Mss,_l_x, J. A. VaN ALLgS and M. B.Go=..'Mffil,PhysicalReview99, (198), 1956.
5. H. V. Nssr_, PhysicalReview 107,588, 1957.

where/_ (E) is the density of cosmic rays with 6. E. C. 8_rON_,Journal of GeophysicalResesreh 69,
kinetic energy E, and dj/dE is the observed 3939, 1964.
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